To search for novel transcriptional pathways that are activated in skeletal muscle after endurance exercise, we used cDNA microarrays to measure global mRNA expression after an exhaustive bout of high-intensity cycling (~75 min). Healthy, young, sedentary males performed the cycling bout, and skeletal muscle biopsies were taken from the vastus lateralis before, and at 3 and 48 h after exercise. We examined mRNA expression in individual muscle samples from four subjects using cDNA microarrays, used repeated-measures significance analysis of microarray (SAM) to determine statistically significant expression changes, and confirmed selected results using realtime RT-PCR. In total, the expression of 118 genes significantly increased 3 h postcycling and 8 decreased. At 48 h, the expression of 29 genes significantly increased and 5 decreased. Many of these are potentially important novel genes involved in exercise recovery and adaptation, including several involved in 1) metabolism and mitochondrial biogenesis (FOXO1, PPARδ, PPARγ, nuclear receptor binding protein 2, IL-6 receptor, ribosomal protein L2, aminolevulinate δ-synthase 2); 2) the oxidant stress response (metalothioneins 1B, 1F, 1G, 1H, 1L, 2A, 3, interferon regulatory factor 1); and 3) electrolyte transport across membranes [Na + -K + -ATPase (β3), SERCA3, chloride channel 4]. Others include genes involved in cell stress, proteolysis, apoptosis, growth, differentiation, and transcriptional activation, as well as all three nuclear receptor subfamily 4A family members (Nur77, Nurr1, and Nor1). This study is the first to characterize global mRNA expression during recovery from endurance exercise, and the results provide potential insight into 1) the transcriptional contributions to homeostatic recovery in human skeletal muscle after endurance exercise, and 2) the transcriptional contributions from a single bout of endurance exercise to the adaptive processes that occur after a period of endurance exercise training.
electrolyte imbalances across cell membranes; and pH dysregulation. In response to these stressors, the recovery period in skeletal muscle after the exercise bout is characterized by two major "events." The first is homeostatic recovery, which is the process whereby skeletal muscle recovers from the stress imposed by the exercise bout and reestablishes homeostasis in the immediate hours after exercise. In general, homeostatic recovery is characterized by glucose sparing, elevated fat oxidation, glycogen resynthesis, and free radical quenching, as well as repairing free radical-mediated damage and restoring intracellular electrolyte concentrations and pH (1) (2) (3) (4) (5) . The second event is the cellular contributions to adaptation. Adaptation is the process whereby skeletal muscle responds to repeated bouts of endurance exercise stress over days to weeks (i.e., endurance training) in a number of ways that cumulatively lead to an enhanced ability to maintain muscle homeostasis during exercise. The primary adaptations that occur are an elevated capacity for aerobic ATP generation and a shift toward oxidizing proportionately more fats and less glucose during exercise (6, 7) . These adaptations are due in large part to increased mitochondrial volume density (mitochondrial biogenesis) and an enhanced capacity to mobilize, transport, and oxidize lipids (6, 8) . Endurance training also increases antioxidant, electrolyte transport, and lactate disposal capacities in skeletal muscle (2, 9) .
There is a growing understanding that gene-specific transcriptional activation during and after a bout of exercise is involved, on some level, in reestablishing homeostasis in skeletal muscle after the exercise bout, as well as contributing to the skeletal muscle adaptations that occur in response to exercise training. Although the entire transcriptional response to endurance exercise has not been currently demonstrated, a single bout of endurance exercise has been shown to increase mRNA expression of a growing number of genes, the majority of which are involved in mitochondrial biogenesis and metabolism, such as peroxisome proliferator-activated receptor γ co-activator 1α (PGC1α) (10) , nuclear respiratory factors (NRF) (11) , mitochondrial transcription factor A (TFAM) (10) , glucose transporter 4 (Glut-4) (12), glycogen synthase (4), fatty acid binding protein (FABP pm ) (13) , pyruvate dehydrogenase 4 (PDK4) (4), lipoprotein lipase (LPL) (4), peroxisome proliferator activated receptor α (PPARα) (10) , carnitine palmitoyltransferase I (CPTI) (4), uncoupling protein 3 (UCP3) (4), heamoxygenase 1 (HO-1) (4), and AMP protein kinase (14) . In addition, endurance exercise has been shown to elevate the mRNA expression of genes involved in oxidant stress management (e.g., manganese superoxide dismutase) (15) , electrolyte transport across membranes (e.g., Na + -K + -ATPase isoforms) (16) , and extracellular matrix remodeling (e.g., type IV collagen) (17) .
For some genes that are activated after exercise, such as Glut-4, protein levels also increase after the single exercise bout at some time after mRNA is first elevated, suggesting that the transcriptional activation of these genes is functionally coupled to an event in the postexercise period, such as homeostatic recovery (12, 18) . For instance, given that the biological role of Glut-4 is to transport glucose into muscle cells, and glycogen resynthesis is given high metabolic priority in the postexercise recovery period, transcriptional activation of Glut-4 after a bout of exercise is likely involved in reestablishing glycogen homeostasis in skeletal muscle. However, the protein products of other genes, such as FABP pm , are not elevated in the immediate postexercise period (19) but are elevated after a period of endurance training (13) . For these genes, transcriptional activation after exercise would not be involved in any immediate event; rather, transcriptional activation of these genes is likely involved in the adaptation to exercise training. For example, given that the biological role of FABP pm is to transport fatty acids across the sarcolemma, and increased capacity to oxidize fats is a major adaptation to endurance training, the cumulative effect of repetitive "pulses" of FABP pm mRNA after many exercise bouts over days or weeks likely leads to elevated steady-state FABP pm protein abundance and physiological adaptation in fat transport (20) .
DNA microarray technology has greatly enhanced research exploring transcriptional contributions to cellular events (21, 22) . This powerful technology enables researchers to screen thousands of mRNAs simultaneously and define whole genome transcriptional responses, which enhances the capacity of discovering novel genes and characterizing entire programs of differential mRNA expression. These properties are advantageous when trying to characterize a cellular response. Recently, several groups have successfully used DNA microarrays to examine mRNA expression in skeletal muscle after various damaging and/or hypertrophic stimuli (23-28). In general, these studies characterized transcriptional programs related to protein synthesis, cellular growth, inflammation, and muscle repair. Moreover, each of these studies identified several differentially expressed genes that had not been previously reported in response to a damaging and/or hypertrophic stimulus. Together, these studies illustrate the power of DNA microarray technology to characterize the transcriptional response to physiological stimuli, discover novel differential mRNA expression in response to such stimuli, and generate new hypotheses about the molecular events mediating the physiological response to the stimuli. To date, however, there have been no studies that have examined global mRNA expression during recovery from a bout of endurance exercise.
As altered mRNA expression in skeletal muscle after a single bout of endurance exercise contributes to both homeostatic recovery and adaptation, and global mRNA expression has not previously been measured after endurance exercise, we used cDNA microarrays to examine global mRNA expression in skeletal muscle during recovery from a bout of cycling. Our goal was to identify novel genes, and patterns of genes that were differentially expressed postendurance exercise and that added to our current understanding of the mechanisms responsible for homeostatic recovery and adaptation. We hypothesized a priori that cycling would induce the expression of genes involved in various aspects of metabolism, mitochondrial biogenesis, oxidant signaling and protection from oxidant stress, and electrolyte and pH regulation, which could be predicted to contribute to homeostatic recovery and adaptation.
MATERIALS AND METHODS

Subject recruitment and project approval
Fourteen healthy males (age: 21.8±2.5 yr; height: 177.8±5.7 cm; weight: 81.4±10 kg; body fat: 24.8±4.4%) participated in the study. Before beginning, we screened potential subjects to ensure that they had not regularly participated in endurance activities within the preceding 6 months and were healthy and fit to participate. We gave subjects an information sheet describing all of the testing procedures and informed them of the purpose of the study and any risks associated with their participation. Subjects gave us written consent to participate, and the McMaster University Hamilton Health Sciences Human Research Ethics Board approved the project. We adhered to the guidelines outlined in the Declaration of Helsinki for all of our procedures.
Endurance exercise protocol and tissue collection
The general study design is outlined schematically in Fig. 1 . Subjects cycled to exhaustion after a high-intensity protocol that lasted ~75 min, as described previously (29). We used a highintensity cycling protocol and nontrained subjects in an attempt to maximally stimulate mRNA expression. Before each tissue collection, subjects abstained from any form of physical exertion (within 72 h), avoided alcohol (within 48 h), ate their habitual diet (within 48 h), and abstained from caffeine (within 12 h). We gave each subject a 355 kcal defined formula diet (67% carbohydrates, 18% protein, 15% fat; by mass) that he consumed 2 h before each muscle biopsy, as well as 2 h before the exercise bout, and instructed subjects to avoid eating anything else within 4 h of each biopsy. We implemented these nutritional and pharmacological controls to ensure that the cycling bout would be the only variable that differentially affected mRNA expression from biopsy to biopsy. Muscle biopsies were taken from the vastus lateralis ~1-2 wk before (baseline), and 3 and 48 h after cycling, as described previously (29). We chose these time points to examine both the rapid (3 h) and delayed/sustained (48 h) response to endurance exercise. Typically, elevated mRNA expression postendurance exercise peaks ~3-6 h into the recovery period and returns to baseline by 24 h (4). We took ~150 mg of wet muscle from each biopsy, quickly dissected it from fat and connective tissue, and sectioned it into multiple pieces. The first (~25 mg) was immediately placed into an RNase-free cryovile, dropped into liquid nitrogen, and stored at -86°C until the RNA extraction procedure. We stored the remaining muscle at -86°C for other analyses.
Microarray experimental design
We randomly chose muscle from four subjects to analyze on cDNA microarrays and made individual comparisons within each subject (i.e., nonpooled). We feel that the strength of our study is in this design, which allowed us to examine each individual subject's response to the cycling bout and analyze the data statistically. An additional benefit of our repeated-measures design, as opposed to a pooled or a between-groups design, is that it eliminates the statistical importance of the resting inter-individual variability in mRNA expression, which is high in skeletal muscle of untrained subjects (30). Admittedly, the other sources of biological variability, such as intra-and inter-biopsy variability (31) and inter-subject response variability (29), were still present in our study. Although examining only four subjects may have prevented us from observing the subtle and/or more variable changes postexercise, we hypothesized that the most important changes would likely be the least variable and most robust changes, which would be detectable.
Microarray generation
Custom DNA microarrays were prepared from a Research Genetics human cDNA library. We amplified 8,432 different, randomly chosen cDNAs (from a 40,000 gene library) under standard conditions (GeneAmp PCR System 9700) with the help of a volumetric robot (Tecan/Genesis, RSP150 and Tomtec/Quadra 384) and used gel electrophoresis-sizing of all amplicons to verify that unique products were amplified for each gene. Amplified products were transferred to 384-well plates and purified using commercially available kits (Millipore). We then transferred the purified PCR products to 384-well print plates (Genetix), dried them, and resuspended them in 6 µl of print buffer (3× SSC, 1.5 M Betaine). High-density spotted cDNA microarrays were generated on commercially available glass slides (MWG epoxy) using a commercial microarrayer (Omnigene, GeneMachines) at the Genomics Facility of the Buck Institute. After printing, we incubated the arrays overnight at 50% humidity and 50°C, ultraviolet irradiated them at 65 μJ, and stored them in a desicator until hybridization.
RNA extraction and amplification
We extracted total RNA from muscle and treated it with DNaseI, as described previously (29), and amplified total RNA using a MessageAmp TM aRNA linear amplification kit (Ambion). This procedure is often used in microarray studies, and Li and et al. (32) recently showed that DNA microarray results are similar when using either amplified or total RNA. Furthermore, we tested the validity of RNA amplification by measuring the expression of two genes using real-time RT-PCR amplification of either aRNA or its precursor total RNA and obtained similar results (mean CV=8.0%). We assessed aRNA quality by measuring the size distribution on an Agilent Bioanalyzer (1.0-1.5 kb) and by measuring the spectrophotometric 260/280 ratio (>1.8). The mean amplification of our total RNA samples was ~50-fold.
Microarray processing, data acquisition, and analysis
We converted aRNA to cDNA, labeled it with either Cy3 or Cy5 and hybridized it to our arrays using a commercially available kit (Genisphere). For each printed array, we used 976 buffer controls to facilitate differentiating signal from noise. We scanned the chips using a Packard Bioscience scanner (Hewlett Packard), ScanArray Express software (version 1.1), a PMT laser setting of 75, and power of 80. In total, we were able to analyze ~7000 genes per array after we removed PCR failures and genes with nondetectable expression. We analyzed the resulting TIFF files using Genepix 4, using median values for each spot. The data were LOWESS-normalized using GeneTraffic software (Iobion).
Microarray validation using real-time RT-PCR
We performed real-time RT-PCR using SYBR green chemistry, as described previously (29). For these analyses, we used total RNA instead of aRNA to bypass error that may have been generated during amplification and used β2-microglobulin as a housekeeping gene (29).
Statistical analysis
We analyzed microarray data using significance analysis of microarrays [SAM (1.21)] to identify statistically significantly differential expression after exercise (33), using a false discovery rate of <5%. We analyzed real-time RT-PCR data using paired t tests on the linear 2 -ΔCT data set (34) using computerized statistics software (Statistica, Statsoft, Tulsa, OK).
RESULTS
Cycling altered mRNA expression in skeletal muscle
Cycling induced a significant increase in the expression of 173 genes at 3 h, and 37 genes at 48 h (to view the complete data set, visit http://www.ncbi.nlm.nih.gov/geo/). The mean mRNA increase for these genes was 3.7 ± 3.1-fold, with a maximum of 30.3-fold (Nor-1) and a minimum of 1.4-fold (succinate dehydrogenase, subunit D). The expression of eight of these genes significantly increased at both 3 and 48 h. Interestingly, the expression of only eight genes significantly decreased 3 h after cycling and only five at 48 h. Visually inspecting the raw data revealed that statistically significant changes were those that were relatively consistent from subject to subject. For all genes whose expression significantly increased, the average standard deviation (SD) between the four subjects was 3.3. Interestingly, the expression of 379 genes increased by more than twofold (some as high as 10.8-fold) but were not statistically significant. These "increases" had a large degree of response variability; in fact, 141 of them had at least one subject whose expression decreased. For all genes whose expression increased by more than twofold but were not significant, the average SD between the four subjects was 5.3, which is nearly twice that of those genes whose expression was significant altered. This highlights the importance of our repeated-measures, nonpooled study design, as pooled data could not have distinguished between these two populations of genes.
Differential mRNA expression greater than twofold were valid in a larger population
Beckman and et al. (35) recently demonstrated a high correlation (r 2 =0.94) between real-time RT-PCR and cDNA microarray data generated in the same facility as we used in the present study. We have previously observed a high correlation (r 2 =0.93) between microarray and realtime RT-PCR data from skeletal muscle biopsy samples taken at our facility, using the same RNA extraction, amplification, and microarray procedures as in the present study (Tarnopolsky, unpublished results). As such, we are confident in the experimental validity of our microarray data. However, given our relatively small sample size, we tested whether our statistically significant microarray data were representative of statistically significant changes in a larger population of different subjects (n=10). We were able to confirm eight of nine genes whose expression changed by more than twofold, while we were unable to confirm three genes whose expression changed by less than twofold (Table 1) . Pearson correlation analysis revealed a significant positive correlation between the cDNA array data and the real-time RT-PCR data for expression changes greater than twofold (r=0.77; P=0.014). Thus, for this study we set our parameters for defining "differential expression" as both statistically significant and altered by more than twofold. Given these parameters, the expression of 118 genes differentially increased 3 h postcycling and 8 decreased. At 48 h, the expression of 29 genes differentially increased, and five decreased.
Cycling induced mRNA expression of genes involved in metabolism and mitochondrial biogenesis
Cycling induced the expression of 13 transcriptional regulators and nontranscriptional regulators involved in metabolism and mitochondrial biogenesis ( Table 2 ). The transcriptional regulators consisted of transcription factors and coactivators such as the forkhead transcription factor O1 (FOXO1), peroxisome proliferator activated receptor gamma (PPARγ), nuclear receptor binding factor-2 (NRBF-2), PPARγ co-activator 1α (PGC1α), and interferon regulatory factor 1 (IRF-1). The expression of these genes increased by 2.1-to 5.2-fold at 3 h, and all but NRBF-2 returned to baseline by 48 h. We used real-time RT-PCR to examine the mRNA expression of the other two members of the PPAR family, α (PPARα) and delta (PPARδ), which were not measured on our arrays. Like PPARγ, their expression significantly increased 3 h postcycling (1.7-to 2.5-fold; P<0.05; Table 2 ) and returned toward baseline by 48 h. Together, cycling induced a rapid, acute and coordinate increase in the expression of several complimentary transcriptional regulators involved in metabolism and mitochondrial biogenesis.
The nontranscriptional regulators consisted of proteins involved in IL-6 signaling (IL-6 receptor, IL-6R; IL-6 signal transducer gp130), glucose metabolism (pyruvate dehydrogenase 4, PDK4; ras-related associated with diabetes), heme biosynthesis (aminolevulinate δ-synthase 2), and mitochondrial translation (mitochondrial ribosomal protein L2). The expression of each of these genes was moderately elevated 3 h postcycling (2.3-3.5-fold), and none of them were significantly altered at 48 h.
Cycling induced mRNA expression of genes involved in oxidant stress and signaling
Cycling induced the expression of all seven metallothionein (MT) genes at 3 h, each of which returned toward baseline by 48 h ( Table 2 ). The increases were very consistent between these genes (4.2-to 7.5-fold), suggesting a coordinate induction, and were amongst the largest observed in the study. Cycling also induced the expression (3 h) of a superoxide-responsive transcription factor (IRF-1), an enzyme involved in DNA repair from free radical damage (tyrosyl-DNA phosphodiesterase 1), and an immediate early gene that forms part of the AP-1 complex (junB). For each of these except tyrosyl-DNA phosphodiesterase 1, expression levels returned to baseline by 48 h. Elevated tyrosyl-DNA phosphodiesterase 1 expression was amongst the highest observed in our study (6.7-to 8.0-fold). Taken together, cycling rapidly, transiently, and coordinately induced an expression program involved in oxidant stress management and signaling.
Cycling induced mRNA expression of genes involved in electrolyte transport
Cycling induced the expression of genes that are involved in transporting Ca 2+ into the sarco/endoplasmic reticulum (sarco/endoplasmic reticulum Ca 2+ ATPase 3; SERCA 3), Na + and K + across the plasma membrane (Na + -K + -ATPase β3), and Cl -across the plasma membrane (chloride channel 4), as well as other miscellaneous carriers (Table 2 ). These increases were relatively modest (2.2-to 4.5-fold), except for the NMDA receptor, whose expression increased 25.9-fold at 48 h. These results describe a wide-ranging program of expression involved in electrolyte transport across cellular membranes that was activated after cycling.
Cycling induced mRNA expression of genes involved in other miscellaneous functions
Cycling induced the expression of genes involved in cell stress management, proteolysis, apoptosis, cell growth, and differentiation, as well as genes involved in transcription and other miscellaneous genes (Table 3 ). The expression of the majority of these genes was rapidly elevated, although several showed sustained or delayed elevation. Collectively, cycling activated transcription programs that represent 1) increased capacity for protein folding and intracellular transport, pain management, and metal handling; 2) inflammatory cell recruitment; and 3) simultaneous increases in both activators and repressors of proteolysis, apoptosis, and cell growth and differentiation.
One particularly striking finding was that cycling increased the expression of all three members of the nuclear receptor subfamily 4, group A (NRS4A1-3; also known as Nur77, Nurr1, and Nor1, respectively). The expression of each of these was rapidly increased and returned to baseline by 48 h. Although the expression of Nur77 and Nurr1 was moderately increased (2.2-to 3.3-fold), that of Nor1 was the largest increase observed in this study (30.3-fold).
Cycling repressed mRNA expression of genes involved in apoptosis and proteolysis
Cycling repressed the expression of several genes (Table 4) , including the BH3 interacting domain death agonist (Bid; 0.2-fold), seven in absentia homologue 1 (0.5-fold), ubiquitin specific protease 1 (0.4-fold), and MMP 17 (0.4-fold). Although Bid demonstrated rapid and sustained repression, the others were repressed only at 48 h.
DISCUSSION
This is the first study to use DNA microarrays to examine global mRNA expression in skeletal muscle during recovery from endurance exercise. As hypothesized, the overall response is one that predicts transcriptional contributions to various aspects of homeostatic recovery postexercise, as well as to the adaptations that occur in response to endurance training (Fig. 2) . Although several of the expression changes that we observed have been reported by others, the majority are novel observations. Given the considerable amount of data generated, we will focus our discussion on the most important novel changes and how they may contribute to homeostatic recovery and adaptation.
Endurance exercise activates genes that regulate metabolism and mitochondrial biogenesis
The single most pronounced stress in skeletal muscle during endurance exercise is the large demand to generate ATP (6). The major postexercise consequence of this demand is muscle glycogen depletion; as such, a shift toward fat oxidation occurs during exercise recovery so that glucose can be spared and shunted toward glycogen resynthesis (1, 5) . In response to this stressor throughout the course of endurance training, skeletal muscle adapts by increasing mitochondrial volume density, the capacity to mobilize, transport and oxidize lipids, and the absolute intramuscular glycogen and lipid stores (6, 8, 36) . In the present study, endurance exercise rapidly induced (1.7-to 5.2-fold) genes involved in regulating various components of ATP production, including the "master regulators" of skeletal muscle mitochondrial biogenesis, glucose sparing, and fatty acid metabolism (PGC1α, PDK4, and PPARα, respectively) (37-39). We are not the first to observe these changes, and others have suggested that these proteins play a role in the postexercise shift toward fat oxidation and glucose sparing, as well as the posttraining increase in mitochondrial content and reliance on fat vs. glucose oxidation during exercise (4, 10, 40).
Our endurance exercise protocol also induced PPARδ, PPARγ, FOXO1, and NRBF-2 expression (2.5-to 5.2-fold), which others have not previously reported. PPARδ is emerging as an important regulator of fat metabolism, mitochondrial biogenesis, and fiber type determination in skeletal muscle (41, 42). Targeted PPARδ overexpression in mouse skeletal muscle led to elevated expression of numerous enzymes involved in fat metabolism, the citric acid cycle, and mitochondrial respiration (41, 42). Furthermore, PPARδ overexpressing mice had an increased percentage of oxidative fibers and increased mitochondrial DNA content (41, 42). These adaptations protected them against obesity and enhanced their exercise performance on a treadmill. Taken together, PPARδ overexpression in skeletal muscle induced a similar phenotype as that observed after endurance training. Our current observation of a 2.5-fold increase in skeletal muscle PPARδ expression after exercise (as measured by real-time RT-PCR), together with the findings of Luquet and et al. (42), who showed elevated skeletal muscle PPARδ protein abundance after endurance training in mice, suggest that PPARδ may be an important protein postexercise and/or posttraining. Given its known function in muscle, we speculate that it may participate in regulating the postexercise shift toward fat metabolism, as well as the posttraining increase in mitochondrial capacity and reliance on fat oxidation during exercise. Although speculative, free fatty acids may induce PPARδ activation postendurance exercise, as they are elevated after endurance exercise and are known activators of PPARδ (43).
There is evidence that PPARγ is involved in skeletal muscle metabolism, perhaps via its interaction with PGC1α and FOXO1 (44, 45). In skeletal muscle, PPARγ mRNA expression correlated with that of genes involved in fatty acid oxidation (46). Furthermore, muscle-specific PPARγ depletion caused insulin resistance and increased adiposity (47) . These data suggest that PPARγ regulates the capacity for skeletal muscle fat oxidation; importantly, PPARγ is also activated by free fatty acids (43). Our current observation of a 2.7-fold increase in skeletal muscle PPARγ expression 3 h after exercise, together with that of Kawamura and et al. (48) , who showed elevated PPARγ protein abundance in rat skeletal muscle after 16 wk of treadmill running, suggests that PPARγ may also be an important protein postexercise and/or posttraining. Given its known function, we speculate that it might participate in regulating the postexercise shift toward fat metabolism, as well as the posttraining shift toward increased reliance on fat oxidation during exercise. However, others have reported that PPARγ mRNA expression or protein abundance did not change after exercise and/or training (40, 49, 50). We are confident that PPARγ increased after our exercise protocol, as we observed this using both cDNA microarrays and real-time RT-PCR. The discrepancies to date may be due to the intensity, duration, and frequency of the exercise and/or training, the nutritional status of the participants, or the species used.
FOXO1 is a member of the forkhead family of transcription factors that are known regulators of metabolism (51) . In skeletal muscle, FOXO1 positively regulates fatty acid metabolism and negatively regulates glucose metabolism, via activating lipoprotein lipase (52) and PDK4 (53) transcription, respectively. Our present observation in humans of a 5.2-fold induction in skeletal muscle FOXO1 expression 3 h after exercise is consistent with a previous report by Kamei and et al. (52) , who observed a fivefold increase in muscle FOXO1 mRNA expression 2 h after treadmill running in rats. Based on these observations and its known function, we speculate that FOXO1 is involved in regulating glucose sparing in skeletal muscle postendurance exercise. The mechanism responsible for FOXO1 activation after endurance exercise is speculative, although elevated circulating cortisol, a strong FOXO1 activator, may be a good candidate (54) . Although FOXO1 has not been examined after endurance training, Kamei and et al. (55) recently reported that constitutive FOXO1 overexpression in skeletal muscle led to a loss of type I fibers as well as decreased exercise, glucose and insulin tolerance. These observations are in direct contrast to the adaptations that occur posttraining and indirectly confirm our speculation that FOXO1 activation postexercise is likely a transient event that participates in homeostatic recovery but is not involved in adaptation.
NRBF-2 is a binding partner to PPARα and other nuclear receptors (56) . Although little is known about NRBF-2, the sustained increase in expression in the present study (2.6-and 3.8-fold at 3 and 48 h, respectively) suggests that it may be an important transcriptional coregulator postendurance exercise, perhaps by regulating PPARα-activated gene expression.
Collectively, these data provide a hypothetical framework for 1) the transcriptional regulation of skeletal muscle metabolism during recovery from endurance exercise; and 2) the transcriptional contributions of a single bout of exercise to the enhanced ability of the muscle to aerobically generate ATP and preferentially burn fat over glucose during exercise after a period of endurance training. Given the rapid and relatively coordinate induction of each of these regulatory proteins, as well as their known function, we propose that they respond together and interact with one another to link endurance exercise stress to metabolic recovery and adaptation (Fig. 3) .
Endurance exercise activates other genes involved in metabolism
Skeletal muscle produces IL-6 and releases it into the bloodstream during contractions (57, 58) . Muscle-generated IL-6 may be involved in regulating metabolism (58) , as low resting muscle glycogen augmented IL-6 production (57), and both high resting muscle glycogen (59) and carbohydrate ingestion during endurance exercise (60) inhibited IL-6 production. Endurance exercise rapidly induced IL-6R expression in skeletal muscle (3.1-fold at 3 h), concomitant with the IL-6 signal transducer gp130 (2.0-fold at 3 h; NS trend). Elevated IL-6R complex proteins would enhance IL-6-mediated signaling capacity in contracting muscle. Interestingly, Keller and et al. (61) showed that recombinant IL-6 injected into the circulation induced IL-6 production in skeletal muscle. One explanation for our findings is that elevated IL-6R complex proteins postendurance exercise increases the capacity for a feed-forward autocrine signaling loop that augments IL-6 production in working muscle. Alternatively, elevated IL-6R complex proteins may increase the capacity for other IL-6 mediated signal transduction pathways, such as activation of the MT family of genes (see next section).
Endurance exercise activates genes involved in oxidant stress and signaling
Oxygen free radicals generated in excess during endurance exercise pose a threat to cell function and must be quenched during and after the exercise bout. Increased antioxidant capacity is a consistent observation after endurance training, although the proteins responsible are incompletely understood (2) . One of our most striking observations was that endurance exercise rapidly induced skeletal muscle expression of all seven MTs measured on our array (4.2-to 7.5-fold). The rapid and coordinate induction of all MT members strongly suggests that it represents an important biological response to endurance exercise. Although their definitive cellular function is not known, there is growing interest in the antioxidant function of MTs. Studies have demonstrated that oxygen free radicals can induce MTI-III mRNA expression, and that MTI-III proteins can protect cells from oxidant damage (62) (63) (64) . Importantly, Kondoh and et al. (65) induced mitochondrial free radical generation and reported that MT protein abundance was elevated within 24 h; in fact, the MT response was greater than that of manganese superoxide dismutase (MnSOD), an important mitochondrial antioxidant enzyme. Although it is not clear how MTs act as antioxidants, they may directly scavenge free radicals (66) , sequester heavy metals and prevent Fenton chemistry, or induce MnSOD up-regulation (66) (67) (68) (69) . Given that endurance exercise leads to elevated free radical production (2), we speculate that MTs are important biological mediators of free radical management in skeletal muscle. This function has also recently been proposed by Penkowa and et al. (70) , who, during the preparation of this manuscript, also demonstrated that MT gene expression and protein abundance is elevated in skeletal muscle fibers after 3 h of cycling exercise. Thus, MT induction postexercise may be involved in free radical management in the recovery period, or it may contribute to a potential training-induced adaptive increase in MT content. Free radicals, glucocorticoids, and IL-6 are each known to activate MT gene transcription (71) and may have mediated MT induction postexercise.
Endurance exercise activates genes involved in membrane transport
Electrolyte imbalances accrue across muscle cell membranes throughout endurance exercise and must be restored during the recovery period to protect membrane excitability, disturbances in osmotic balance, cell volume, and other harmful sequelae (3). In general, endurance training leads to an increased capacity to transport the major electrolytes across cell membranes (3) . In this study, endurance exercise activated several genes that are involved in electrolyte channeling and transporting across membranes, including Na (72), and the consequent Na + and K + imbalances attenuate membrane excitability (3). Decreased membrane excitability may contribute to muscle fatigue, perhaps via depressed Ca 2+ release from the sarcoplasmic reticulum (3). In the only other study to measure Na SERCA activity (73) and Ca 2+ uptake (74) are also depressed in the latter stages of prolonged endurance exercise. Ca 2+ uptake into the sarcoplasmic reticulum is critical for muscle relaxation, and unmanaged cytosolic Ca 2+ accumulation may contribute to muscle fatigue during endurance exercise (74) , as well as other Ca 2+ -mediated cellular events postendurance exercise (e.g., proteolysis). Elevated SERCA3 expression (4.5-fold at 3 h) postendurance exercise may be involved in restoring Ca 2+ homeostasis and/or may contribute to the calcium handling adaptations that occur in response to endurance training. Endurance training leads to adaptation in SERCA1/2 protein content in skeletal muscle, typically inducing a relative shift from the SERCA1 to SERCA2 isoform (75, 76) . SERCA3 has not previously been examined after endurance exercise or endurance training, likely due to its low expression in skeletal muscle relative to the other isoforms.
In resting skeletal muscle, Cl -is highly concentrated in the extracellular space. During endurance exercise, depolarization causes Cl -to travel across the sarcolemma and into the cytosol (77). Recently, Cairns and et al. (78) showed that lowered extra-cellular Cl -increased the rate of fatigue in muscle cells. Although little is known about CLCN4, it has been shown to conduct Cl -ions across plasma membranes in an outward direction (79) . Thus, CLCN4 up-regulation (2.4-fold at 3 h) postendurance exercise may represent a mechanism for restoring Cl -balance in skeletal muscle postendurance exercise or contribute to a potential endurance-training induced adaptation in Cl -handling.
Endurance exercise activates genes involved in cell stress, proteolysis, apoptosis, and replication
Somewhat surprisingly, endurance exercise activated genes involved in cell stress, proteolysis, apoptosis, and cell growth and differentiation. For most of these genes, this is the first report of differential mRNA expression in skeletal muscle postendurance exercise; in fact, these finding are more similar to those typically observed after high-intensity resistance exercise (24, 25). We have data showing that high-intensity cycling induced ultra-structural muscle damage and inflammation at 48 h in nontrained, healthy males, as well as apoptotic myonuclei 3 h postendurance exercise, which are also events more commonly associated with resistance exercise (Mahoney, unpublished observation). Together, these data demonstrate that highintensity cycling in untrained human subjects, which is sufficiently stressful to cause muscle damage, inflammation, and apoptosis, responds to the stress at the transcriptional level. It is known that proteolysis occurs during and after intense endurance exercise and likely contributes to skeletal muscle recovery and/or adaptation to endurance exercise (80), and we speculate the inflammation, apoptosis, etc., may also contribute to muscle structural recovery and/or adaptation after endurance exercise, particularly in untrained skeletal muscle.
Endurance exercise activates nuclear receptor subfamily 4 family members
Endurance exercise rapidly activated all three members of the nuclear receptor subfamily 4, group A. These proteins are members of the steroid-thyroid hormone-retinoid receptor superfamily and have been studied primarily in T cells. Activated NRS4A family members induce numerous responses in T cells, such as regulating apoptosis and cell survival (81) . NRS4A members are activated by a myriad of transcription factors and signaling pathways, including Ca 2+ /calcineurin/calmodulin/NFAT/p300 signaling as well as MEK signaling, although their cognate ligands are not known. Very little is known of the NRS4A family in muscle, although their mRNA expression was elevated in skeletal muscle from patients after cardiopulmonary bypass and cardioplegia (82), a known stressor to skeletal muscle; moreover, Nor1 mRNA expression was elevated after a bout of resistance exercise (28). NRS4A family members may be immediate early genes, as their coordinate induction has been observed after various stressful stimuli in other cell types (81) . Given that the expression of Nor1 was the most pronounced increase in our study (30.3-fold at 3 h), these proteins likely have important biological function postendurance exercise, perhaps via comodulating the effects of other nuclear receptors (83).
Endurance exercise and global gene expression: comparison to resistance exercise
To date, a number of studies have examined global gene expression after some form of resistance exercise and/or hypertrophy stimulus in humans (25, 27, 28) and animals (23, 24, 26). In general, our endurance exercise protocol induced differential gene expression that was different from each of these studies. Given the vastly different stresses felt by skeletal muscle during a bout of endurance vs. resistance exercise, as well as the very different adaptations that occur in response to a period of endurance vs. resistance training, it is not surprising that the expression profiles are distinct after these two types of exercise. Interestingly, however, there were a small subset of genes that were induced after endurance exercise that were also induced in at least one of the resistance studies, including: cardiac ankyrin repeat binding protein 1, nuclear receptor 4A1, nuclear receptor 4A3, ras-related associated with diabetes, myc, jun, Il-6, DnaJ isoforms, CCAAT/enhancer binding protein, and MT (23-28). In general, these genes are involved in cell stress management, and likely represent genes that are responsive to common stress signals after various forms of exercise.
Technical considerations
Our study is limited in several ways that must be considered when interpreting the data. First, we did not perform in situ analysis to determine whether the observed changes occurred in myofibers or other cell types in skeletal muscle (e.g., endothelial cells, fibroblasts, resident macrophages, etc.). We believe that most of our changes occurred in myofibers, as 1) they generally complement existing "programs" in skeletal muscle; 2) muscle cells/nuclei are the major mRNA contributor to a muscle biopsy sample; and 3) using immunohistochemistry, we did not observe an influx of inflammatory cells at 3 h (not shown), when the majority of our changes occurred. However, regardless of the cell type responsible, these changes occurred in skeletal muscle tissue as a consequence of endurance exercise, and likely represent important transcriptional events for recovery or adaptation. Second, there is recent awareness that factors other than the exercise bout may be responsible for expression changes observed in exercise studies, such as nutritional status, the damaging effect of repeated biopsies, and the time of day (28, 84, 85). We did not employ a nonexercise control group in our study to definitely control for these variables. However, we did control for nutritional status by ensuring that the only nutritional intake within 4 h of each biopsy was a prescribed defined formula diet that was consumed exactly 2 h before each biopsy. Although this diet undoubtedly affected skeletal muscle gene expression (86), the effect would have been identical from biopsy to biopsy, and thus it would not have accounted for differential gene expression. To control for the potentially damaging effect of repeated muscle biopsies, we took the PRE biopsy a full 1-2 wk before the exercise bout, and took each biopsy ~6-8 cm apart. As such, it is unlikely that the pre-biopsy had a major effect on the 3 h biopsy, which was when we saw the majority of our differential gene expression. Finally, several studies have recently demonstrated diurnal variations in skeletal muscle gene expression (28, 87). All of our biopsies were taken between 8 am and 4 pm, although we did not strictly control for the time of day; as such, in this particular case, the potential variability generated by diurnal control of gene expression may have prevented us from observing statistically significant gene expression for some genes but would not have led to the false identification of statistically significant changes. In summary, although we acknowledge that a nonexercised control group would have allowed us to more definitely ascertain the effect of exercise per se on gene expression, we believe that the controls that were implemented allow us to strongly suggest that the expression changes were indeed a function of the exercise bout.
CONCLUSIONS
We have identified a large number of genes whose mRNA expression is differentially expressed in skeletal muscle during recovery from endurance exercise. Many of these genes are involved in various aspects of metabolism, mitochondrial biogenesis, oxidant stress management and signaling, electrolyte handling, cell stress and damage, proteolysis, and cell growth and death.
These observations expand our current understanding of the transcriptional response to endurance exercise, and have allowed us to generate novel hypotheses regarding the transcriptional programs that may participate in homeostatic recovery after a bout of endurance exercise, as well as those that contribute to the adaptations that occur after a period of endurance training. Given recent advances in microarray technology, future studies are needed to examine global gene expression from the entire human genome to fully characterize the transcriptional response to endurance exercise. Differentially increased gene expression after exercise 1 . Schematic representation of our study design. Fourteen untrained males cycled to exhaustion after an interval protocol that lasted ~75 min. We collected muscle biopsy samples before and 3 and 48 h after exercise. Total RNA was extracted from muscle samples, amplified (aRNA), and global mRNA expression was analyzed using cDNA microarrays (~7000 genes). We analyzed muscle samples from four subjects, comparing pre vs. 3 h and pre vs. 48 h in all 4 subjects, and we used significance analyses of microarrays (SAM) to determine statistically significant changes. The populationwide validity of our cDNA data was examined using real-time RT-PCR. We amplified total RNA in muscle samples from 10 different subjects to examine genes whose expression had significantly increased on DNA microarray and used paired t tests to statistically examine the data. of the expression changes observed in our study. A) A bout of endurance exercise induced the expression of genes involved in various aspects of metabolism, mitochondrial biogenesis, oxidant stress and signaling, electrolyte shuttling, stress management, proteolysis, death, growth, and transcription. B) At a cellular level, these expression changes can be predicted to participate in re-establishing muscle cell homeostasis postendurance exercise, as well as contributing to the adaptations that occur in muscle after a period of endurance training (ETC: electron transport chain; NO: nitric oxide). Transcriptional regulation of metabolism and mitochondrial biogenesis in response to endurance exercise. This schematic illustrates our hypothesis for the transcriptional regulation of 3 major responses that largely contribute to altered metabolism during recovery from endurance exercise and the adaptations in metabolism and mitochondrial capacity that occur after a period of endurance training. A) Glycogen resynthesis postexercise is regulated in large part by glucose availability, which is controlled by PDK4-mediated inhibition of pyruvate entry into the citric acid cycle and GLUT4-mediated glucose uptake. PDK4 mRNA expression is positively regulated by the transcription factors PPARα, PPARδ, and FOXO1, while GLUT4 membrane expression is activated in part by PGC1α. B) Mitochondrial biogenesis is largely under the control of PGC1α, which transcriptionally regulates important nuclear-and mitochondrial-encoded genes. PGC1α is transcriptionally activated by numerous proteins, including FOXO1, and may be allosterically activated by members of the PPAR family. C) Fatty acid oxidation is primarily regulated by the PPAR family, which is allosterically activated by free fatty acids as well proteins such as PGC1α. FOXO1 is also involved, as it activates lipoprotein lipase (LPL) gene transcription (not shown). Together, we speculate that these proteins provide a regulatory framework for 1) increasing fat mobilization, transport, and oxidation, and repressing glucose oxidation, in the recovery period after exercise; 2) increasing the capacity to mobilize, transport, and oxidize fats during exercise after a period of endurance training; and 3) increasing mitochondrial volume density and mitochondrial capacity to generate ATP aerobically after a period of endurance training.
